Abstract: Alzheimer's disease (AD) lies in the category of those diseases which are still posing challenges to medicinal chemists, and the search for super-effective drugs for the treatment of AD is a work in progress. The inhibition of cholinesterase is considered a viable strategy to enhance the level of acetylcholine in the brain. The C-5 substituted derivative of Meldrum's acid was synthesized and screened against acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) enzyme inhibition activity. The simple and unique structure of synthesized derivative 3 was found to be good for the dual inhibition of both enzymes (AChE and BChE). 2,2-Dimethyl-5-(([2-(trifluoromethyl) phenyl]amino)methylidene)-1,3-dioxane-4,6-dione (3) showed significant inhibition against AChE, with an IC 50 value of 1.13 ± 0.03 µ M (Standard Neostigmine 22.2 ± 3.2 µM), and moderate inhibition against BChE, with an IC 50 value of 2.12 ± 1.22 µM (Standard Neostigmine 49.6 ± 6.11 µM). The structural insights reveal that compound 3 possesses intriguing reactive groups, which can potentially evoke the non-covalent interactions and possibly assist by binding in the active site of the target protein. Docking simulations revealed that the compound 3 showed binding inside the active site gorges of both AChE and BChE. An excellent agreement was obtained, as the best docked poses showed important binding features mostly based on interactions due to oxygen atoms and the aromatic moieties of the compound. The docking computations coupled with the experimental findings ascertained that the compound 3 can serve as a scaffold for the dual inhibitors of the human acetylcholine esterases.
Introduction
Alzheimer's disease (AD) is a neurodegenerative disorder characterized by the loss of memory and consciousness. The rapid prevalence of AD among elderly people is expected to increase 3 times by 2050 [1] . AD poses social and economic threats to both developing and developed countries throughout the world [2] . To impede the onset and progress of AD is the ultimate challenge for medicinal chemists. Currently, a cholinergic hypothesis is the sole guideline to resolve the loss of acetylcholine, a vital neurotransmitter which helps in the communication of nerve and motor cells. A decline in the level of acetylcholine causes impairment in the cognitive functions of the human brain. Despite having moderate success rate in the cure of AD, these prescribed drugs suffer from adverse effects such as nausea and diarrhea. In addition to this, the sustainability of the drug for the prolonged treatment of AD has raised questions on these drugs. To develop effective acetylcholinesterase inhibitors (AChEI), the activity of acetylcholinesterase (AChE) must be inhibited at the oxyanion hole site (AS) and peripheral anionic site (PAS), because binding AChE at PAS results in the accumulation of amyloid-β peptide plaques. To improve the drug to function effectively, inhibitors must bind at PAS in order to impede the function of AChE. Various classes of compounds have been reported as potent inhibitors of chloninesterase, including organophosphates, coumarin and cinnamide, acyl thioureas, acridones, chalcones, 2,3-dihydroquinazolin-4(1H)-one, polyamine ligands, acrylonitriles, morpholine derivatives, 2H-2-chromenones, and tetracyclic terpenes .
As an extension of our ongoing research on cholinesterase inhibitors (AChEI), we herein report the dual inhibitor for the acetylcholinesterase and butyrylcholinesterase enzymes. 2,2-Dimethyl-1,3-dioxane-4,6-dione, commonly known as Meldrum's acid, has been named after Andrew Norman Meldrum since 1908 [26] . Initially, the structure of Meldrum's acid (MA) was incorrectly assigned, and after several years Davidson and Bernhard elucidated the correct structure in 1948. MA is a multifaceted and versatile organic reagent, and its propensity stems from its unique but simple structure [27] . MA serves as a valuable synthon for the synthesis of nitrogen containing six-membered and other heterocyclic compounds [28] . The simplicity of its structure combined with its remarkable reactivity makes MA a reagent of choice for organic synthetic chemists. The dual nature of intrinsic chemical reactivity (electrophilic and nucleophilic) of MA paves the way for the transformation of diverse classes of organic synthetic and natural products [29] . The C (5) position of MA is enolizable, and can act as the nucleophilic centre for a wide variety of electrophilic centers, including carbonyl compounds. The C (5) position of MA provides an improved and metal-free approach to construct C-C linkages in organic molecules. The unusually high acidity (pKa of 4.83-4.936 in H 2 O) of active methylene in MA at C (5) provides direct access to the formation of a C-C framework [30] . In contrast to the C (5) position, C (4) and C (6) are susceptible to nucleophilic attack [31] . Moreover, the derivatives of MA can take active part in Knoevenagel condensation and Michael addition reactions [32] .
Apart from extensive utility in organic synthesis, Meldrum's acid derivatives show biological potential as anti-malarial and antioxidant agents. Along these lines, we report a novel dual inhibitor of cholinesterase enzymes. The results of the inhibition of AChE and butyrylcholinesterase (BChE) are in the micromolar range.
Results and Discussion

NMR Studies
The title compound (3) was obtained in excellent yield by reacting Meldrum's acid (1) with 2-trifluoromethyl aniline (2) in the presence of triethyl orthoformate in 2-butanol, as shown in Scheme 1. The purity of the product was confirmed by thin layer chromatography, using ethyl acetate and n-hexane, ethanol, and n-hexane solvent systems in different compositions. Scheme 1. Synthetic route towards the synthesis of a novel Meldrum's acid derivative (3).
The synthesized compound 3 was characterized by 1 H-NMR, 13 C-NMR, DEPT 90°, DEPT-135° and EI-MS spectrometry. In 1 H-NMR, the appearance of the signal at 9.5 ppm was assigned to the N-H proton. The protons attached to the sp 2 carbons appeared at δ 7-8 ppm, while a singlet was observed for the methyl groups. In 13 C-NMR spectroscopy, the appearance of a signal at around 210-200 ppm value was assigned to the carbonyl group. The methylene carbon sandwiched between two carbonyls appeared deshielded at around 80-70 ppm. The characteristic signals for aromatic carbons appeared at a value of 140-120 ppm, while carbons associated with sp 3 hybridized carbon appeared at less than a value of 30-20 ppm. The EI-MS spectrum was analyzed, and the mass fragmentation pattern showed a loss of acetone and retro-Diels-Alder as the main types of fragmentation pattern.
The nature of carbon atoms was characterized through DEPT-NMR spectroscopy. In addition, the positive signals for methyl and methine confirmed the presence of these carbons.
X-ray Structural Study and Theoretical Calculations
The molecular structure of 3 is related to that of 5-(((2,5-Dimethylphenyl)amino)methylene)-2,2-dimethyl-1,3-dioxane-4,6-dione (QOPXEZ) [33] , apart from the different phenyl-group substitution.
Two intra-molecular hydrogen bonds N1-H1…F3 and N1-H1…O1 with H1…F3 2.87 and H1…O1 2.71 Å, respectively, fix the molecular conformation to almost planarity with torsion angles C8-N1-C1-C2 177.11 (17) , C14-C13-C8-N1 2.6(3), and C1-C2-C3-O1 166.59 (18) . The geometry of the amino-methylene group shows bond lengths of C8-N1 1.416(2), N1-C1 1.330 (2) , and C1-C2 1.373(2) Å, and angles of C8-N1-C1 126.13 (15) and N1-C1-C2 124.08 (16) (Figure 1 The synthesized compound 3 was characterized by 1 H-NMR, 13 C-NMR, DEPT 90 • , DEPT-135 • and EI-MS spectrometry. In 1 H-NMR, the appearance of the signal at 9.5 ppm was assigned to the N-H proton. The protons attached to the sp 2 carbons appeared at δ 7-8 ppm, while a singlet was observed for the methyl groups. In 13 C-NMR spectroscopy, the appearance of a signal at around 210-200 ppm value was assigned to the carbonyl group. The methylene carbon sandwiched between two carbonyls appeared deshielded at around 80-70 ppm. The characteristic signals for aromatic carbons appeared at a value of 140-120 ppm, while carbons associated with sp 3 hybridized carbon appeared at less than a value of 30-20 ppm. The EI-MS spectrum was analyzed, and the mass fragmentation pattern showed a loss of acetone and retro-Diels-Alder as the main types of fragmentation pattern.
Two intra-molecular hydrogen bonds N1-H1 . . . F3 and N1-H1 . . . O1 with H1 . . . F3 2.87 and H1 . . . O1 2.71 Å, respectively, fix the molecular conformation to almost planarity with torsion angles C8-N1-C1-C2 177.11 (17) , C14-C13-C8-N1 2.6(3), and C1-C2-C3-O1 166.59 (18) . The geometry of the amino-methylene group shows bond lengths of C8-N1 1.416(2), N1-C1 1.330 (2) , and C1-C2 1.373(2) Å, and angles of C8-N1-C1 126.13 (15) and N1-C1-C2 124.08 (16) (Figure 1 The synthesized compound 3 was characterized by 1 H-NMR, 13 C-NMR, DEPT 90°, DEPT-135° and EI-MS spectrometry. In 1 H-NMR, the appearance of the signal at 9.5 ppm was assigned to the N-H proton. The protons attached to the sp 2 carbons appeared at δ 7-8 ppm, while a singlet was observed for the methyl groups. In 13 C-NMR spectroscopy, the appearance of a signal at around 210-200 ppm value was assigned to the carbonyl group. The methylene carbon sandwiched between two carbonyls appeared deshielded at around 80-70 ppm. The characteristic signals for aromatic carbons appeared at a value of 140-120 ppm, while carbons associated with sp 3 hybridized carbon appeared at less than a value of 30-20 ppm. The EI-MS spectrum was analyzed, and the mass fragmentation pattern showed a loss of acetone and retro-Diels-Alder as the main types of fragmentation pattern.
Two intra-molecular hydrogen bonds N1-H1…F3 and N1-H1…O1 with H1…F3 2.87 and H1…O1 2.71 Å, respectively, fix the molecular conformation to almost planarity with torsion angles C8-N1-C1-C2 177.11 (17) , C14-C13-C8-N1 2.6(3), and C1-C2-C3-O1 166.59 (18) . The geometry of the amino-methylene group shows bond lengths of C8-N1 1.416(2), N1-C1 1.330(2), and C1-C2 1.373(2) Å, and angles of C8-N1-C1 126.13 (15) Density functional theory (DFT) geometry optimization was made on a crystal unit using the Gaussian09 program package [30] , employing the Becke three parameters Lee-Yang-Parr exchange correlation functional (B3LYP) [34, 35] and 6-311G++(d,p) as the basis set. The optimized geometry results in the free molecule state were compared to those in the crystalline state. No negative vibrational modes were obtained. The optimized geometry of the compound revealed a C2/c space group. The optimized geometry of the studied compounds was compared with the structural parameters obtained from the crystallographic information file (CIF). All of the bond lengths and angles calculated were in agreement with the crystal structure. The optimized structure is as shown in (4) with an interatomic distance of 2.8 Å and 1.9 Å, respectively, which is well in agreement with the crystal structure.
The Total Energy and Frontier Orbital energy levels were also calculated using DFT. The geometry of the title compound was optimized using DFT method in the gas phase. The crystal structure of 3 was used for the DFT studies. The energy gap between the HOMO and the LUMO was calculated by the B3LYP method using 6-311G++(d,p) as the basis set. The title compound shows energy gap (ΔE = 0.16506 Hartree = 4.45 eV) for HOMO → LUMO (Figure 3) . The HOMO and LUMO are important factors that affect bioactivity, chemical reactivity, electron affinity, and ionization potential [36] . Thus, the study of the frontier orbital energy can provide useful information about the biological reaction mechanism as discussed in the docking section later. Density functional theory (DFT) geometry optimization was made on a crystal unit using the Gaussian09 program package [30] , employing the Becke three parameters Lee-Yang-Parr exchange correlation functional (B3LYP) [34, 35] and 6-311G++(d,p) as the basis set. The optimized geometry results in the free molecule state were compared to those in the crystalline state. No negative vibrational modes were obtained. The optimized geometry of the compound revealed a C2/c space group. The optimized geometry of the studied compounds was compared with the structural parameters obtained from the crystallographic information file (CIF). All of the bond lengths and angles calculated were in agreement with the crystal structure. The optimized structure is as shown in (4) with an interatomic distance of 2.8 Å and 1.9 Å, respectively, which is well in agreement with the crystal structure.
The Total Energy and Frontier Orbital energy levels were also calculated using DFT. The geometry of the title compound was optimized using DFT method in the gas phase. The crystal structure of 3 was used for the DFT studies. The energy gap between the HOMO and the LUMO was calculated by the B3LYP method using 6-311G++(d,p) as the basis set. The title compound shows energy gap (∆E = 0.16506 Hartree = 4.45 eV) for HOMO → LUMO (Figure 3) . The HOMO and LUMO are important factors that affect bioactivity, chemical reactivity, electron affinity, and ionization potential [36] . Thus, the study of the frontier orbital energy can provide useful information about the biological reaction mechanism as discussed in the docking section later. 
Acetylcholinesterase and Butyrylcholinesterase Inhibition Assay
The synthesized compound 3 was screened against Acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) enzyme inhibition activities. The synthesized compound 3 showed inhibition in the micromolar range. Interestingly, compound 3 was found to be a dual inhibitor of both enzymes (AChE and BChE). The IC50 value of compound 3 was found to be 1.13 ± 0.03 µ M, and this result is several times better than the standard Neostigmine (22.2 ± 3.2 µM). The BChE inhibition results were also found to be of moderate significance, and the derivative 3 exhibited inhibition with an IC50 value of 2.12 ± 1.22 µM compared to the reference Neostigmine (49.6 ± 6.11 µM) ( Table 1 ). The induction of trifluoromethyl moiety further results in the enhancement of enzyme inhibition activity. The presence of fluorine atoms in the bioactive molecules paves the way for effective drug designing, because fluorine atoms, being the most electronegative, can show or induce polar interactions. The presence of the N-H group can act as a hydrogen bonding receptor. The results of inhibition against AChE and BChE represent higher potency at the micromolar level when compared to Neostigmine. However, compound 3 shows less potency when compared to donepezil and tacrin, because both these commercial drugs show inhibition at the nanomolar level. Compound 3 exhibits better potential compared to Rivastigmine and Galantamine. Overall, compound 3 shows moderate activity at the micromolar level. 
The synthesized compound 3 was screened against Acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) enzyme inhibition activities. The synthesized compound 3 showed inhibition in the micromolar range. Interestingly, compound 3 was found to be a dual inhibitor of both enzymes (AChE and BChE). The IC 50 value of compound 3 was found to be 1.13 ± 0.03 µ M, and this result is several times better than the standard Neostigmine (22.2 ± 3.2 µM). The BChE inhibition results were also found to be of moderate significance, and the derivative 3 exhibited inhibition with an IC 50 value of 2.12 ± 1.22 µM compared to the reference Neostigmine (49.6 ± 6.11 µM) ( Table 1 ). The induction of trifluoromethyl moiety further results in the enhancement of enzyme inhibition activity. The presence of fluorine atoms in the bioactive molecules paves the way for effective drug designing, because fluorine atoms, being the most electronegative, can show or induce polar interactions. The presence of the N-H group can act as a hydrogen bonding receptor. The results of inhibition against AChE and BChE represent higher potency at the micromolar level when compared to Neostigmine. However, compound 3 shows less potency when compared to donepezil and tacrin, because both these commercial drugs show inhibition at the nanomolar level. Compound 3 exhibits better potential compared to Rivastigmine and Galantamine. Overall, compound 3 shows moderate activity at the micromolar level. 
Docking Computation
To further understand the binding interaction of these proteins, we used computational docking of the compounds to Acetylcholine esterases. In particular, compound 3 was found to interact favorably with the AChE and BChE proteins, with a docking and Glide score of −7.04 and −6.55 kcal/mol, respectively. The active site for both of the targets was found to be a deep narrow cavity, and compound 3 bound itself inside the active site of both the targets.
Based on the initial assessment of the binding pose for the AChE docking, we found that residues such as Gly118, Try121, Phe288, Tyr334, and His 440 are key residues. The lactone part of the compound 3 established robust hydrogen bonding with Gly118, providing an anchoring point for the flanking regions to interact with the protein (Figure 4a ). It is also interesting to note that the compound occupied the binding site, forming a halogen-bonding with Gly118 through the terminal fluorine group as shown in Figure 4b . The hydrogen of the phenyl ring established aromatic hydrogen bonding with His440, which provided another anchoring point to the compound 3 inside the active site gorge of AChE (Figure 4a ). Figure 4c represents the orientation of the compound 3 inside the active site gorge of AChE in two dimensional space.
A Detailed analysis of the binding mode of the best docked conformation of the compound 3 revealed that Trp82, Ser198, Gly117, Ala199 and His438, Phe329, Val288, Trp231, Ser287, Gly110, Ala199, Trp82, and His438 are key interacting residues; the interaction of compound 3 with these can influence the catalytic function of the enzyme.
The compound 3 anchored itself inside the active site gorge by establishing strong π-π interactions, hydrogen bonding, and aromatic hydrogen bonding with key residues such as Phe329, Val288, Trp231, Ser287, Gly110, Ala199, Trp82, and His438. Trp82 was present inside the primary binding site, and Trp238 was present at the peripheral part of the binding pocket; both interacted with the compound through hydrogen bonding and aromatic hydrogen bonding, respectively (Figure 5a-d) . Hydrogen of the terminal phenyl group formed aromatic hydrogen bonding inside the active site in addition to strong π-π stacking with Phe329, which stabilized the binding of the terminal phenyl group; however, the other end of the compound showed differential binding interaction. Compound 3 also established determinant contacts with the key residues through strong hydrogen bonding. The acid portion of the compound played a significant role in the binding of molecules by developing couios strong hydrogen bonding with key residues such as Trp82, Ser198, Gly117, Ala199, and His438. Figure 5a -c represents the docking pose of ligand 3 inside the active site of BChE in tri-dimensional space, and Figure 5d shows the docking pose of ligand 3 inside the active site of BChE in di-dimensional space.
In in silico studies, compound 3 showed significant interactions and a good binding score with both the targets, which render it useful to serve the purpose of the discovery of a dual inhibitor. 
Drug-Like Profiling
The structure of the compound 3 was drawn, and its energy minimized, after tri-dimensional (3D) cleaning. Tri-dimensional cleaning involves the addition of hydrogen, the minimization, and the optimization of the geometry. The lowest energy conformer produced by the software was used for further calculations. The optimized geometry as shown in Figure 5 was used for the calculation of the descriptors. Several descriptors, such as rotatable bond number, hydrogen bond donor number, hydrogen bond acceptor number, logP, molecular weight, and total polar surface area (TPSA) were computed to access the drug-like properties of the synthesized compound. The computation's results revealed that compound 3 was found to act in accordance with Lipinski's Ro5 and Veber's Ro3 cut-off limits [37] , revealing the fact that these could be potent surrogates for neurodegenerative diseases.
According to Lipinski's Ro5, most drug-like molecules should have molecular weight ≤500, logarithm of the octanol/water partition coefficient (log P) ≤5, total polar surface area (TPSA) <140 Å, number of hydrogen bond donors (HBD) ≤5, and number of hydrogen bond acceptors (HBA) ≤10. Further modifications in the Ro5 were made by Veber et al. [38] , who suggested that the number of rotatable bonds (NOR) of drug-like molecules must be fewer or equal to 10 [39] . Molecules violating more than one of these criteria could have problems with bioavailability. Compound 3 conforms to all of the criteria of being a drug-like molecule. The computed value of the logP for the molecule 3 is 6.7, while all other parameters happened to fall under the prescribed criteria for a compound to be drug-like. The numeric values of all of the computed descriptors are tabulated in Table 2 . 
Materials and Methods
The melting point was taken three times using a Gallen Kamp apparatus. The proton magnetic resonance spectra were recorded in DMSO-d6 with an Advance AV 300 spectrometer and an Advance AV 500 spectrometer operating at 300 MHz and 500 MHz, respectively. The carbon magnetic resonance spectra were recorded in DMSO-d6 with an Advance AV 300 spectrometer and an Advance AV 500 spectrometer operating at 300 MHz and 500 MHz, respectively. The mass spectrum was recorded with JEOL MS route operated with Electron Ionization mode. 
Structure Determination
Data were collected on a Bruker APEX-II D8 Venture area diffractometer, equipped with graphite monochromatic Mo Kα radiation, λ = 0.71073 Å at 100 (2) K. The cell refinement and data reduction were carried out by Bruker SAINT SHELXS [37, 39] , which was used to solve the structure.
Crystal The crystallographic data (excluding structure factors) for the structure reported in this paper have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication no. CCDC-1544670. Copies of available material can be obtained free of charge via www.ccdc.cam.ac.uk.
DFT Calculations
The starting geometries were taken from X-ray refined data. The density functional theory (DFT) geometry optimization with the Gaussian09 program package [38] using the Becke three parameters Lee-Yang-Parr (B3LYP) exchange correlation functional, which combines the hybrid exchange functional of Becke [40] with the gradient-correlation functional of Lee, Yang, and Parr [41] and the 6−311G++(d,p) basis set, was performed in a gas phase. No solvent corrections were made with these calculations, as it was reported that gas phase calculations frequently correspond well with crystal structures [42] .
Acetylcholinesterase and Butyrylcholinesterase Inhibition Assay
The AChE and BChE inhibitory studies of synthesized derivatives were measured by using the reported Ellman's method with slight modifications [43] . Briefly, the total reaction volume was kept as 100 µL, containing 60 µL of phosphate buffer (50 mM KH 2 PO 4 pH 7.7), 10 µL of test compound (800 µM per well), followed by the addition of 10 µL of AChE (0.015 unit per well) or 10 µL of BChE (0.1 unit per well). The contents of the well were mixed homogenously and incubated at 37 • C for 10 min, and the optical density was measured at 405 nm using 96 well plate reader (Bio-TekELx 800TM, Instruments, Inc.). The reaction was initiated by the addition of 10 µL of Acetyl thiocholine chloride or butyrylthiocholine chloride as substrate (0.5 mM per well), followed by the addition of 10 µL of coloring reagent 5, 5/-dithiobis-2-nitro benzoic acid (DTNB). The reaction mixture was incubated at 37 • C for 20 min, and the optical density was measured at 405 nm. Neostigmine was used as a positive control. For the compounds which exhibited over 50% inhibition of either AChE or BChE activity, full concentration, inhibition curves were produced to evaluate the IC 50 values. All of the experiments were carried out as triplicate. A non-linear regression analysis of the program PRISM 5.0 (GraphPad, San Diego, California, CA, USA) was used to fit the dose-response curves and to calculate the IC 50 values.
Molecular Docking Studies
The crystal structure of the AChE and BChE proteins was obtained from RCSB Research Collaboratory for Structural Bioinformatics (PDB (protein data bank) entry 1ACL and 1P0I) [44, 45] , and were utilized for modeling purposes. The crystal structures were solved in complex after cleaning, thereby providing a suitable starting point for computational studies. The proteins were prepared by adding missing hydrogens, followed by minimization and optimization using the ProteinPrep module of the Schrodinger program [46] . A grid was generated for docking purposes by creating a box centroid at the cognate ligands of each of both the AChE and BChE. The ligand 3 was prepared using the ligprep module of the Schrodinger program. The glide standard precision (Glide-SP) module was used for the docking simulations [47] .
Chemaxon software [48] was used for the calculation of descriptors to access the drug-likeness profile of the compound. The structure of the compound 3 was drawn and energy minimized after 3D cleaning using chemaxon software and maestro by Schrodinger. The optimized geometry as shown in Figure 5 was used for the calculation of the descriptors.
Conclusions
The C-5 substituted Meldrum's acid derivative 3 was synthesized and was thoroughly characterized by spectroscopic techniques including 1 H-NMR, 13 The synthesized compound 3 was screened against acetylcholinesterase and butyrylcholinesterase enzyme inhibition activities. The results of the bioassay revealed that compound 3 possess moderate potential to act as a dual inhibitor against these two enzymes involved in neurodegenerative diseases. Docking simulations were useful in understanding the interaction of the compound 3 with both the AChE and BChE proteins. A moderate inhibitive potential exhibited by the compound 3 proclaimed it a surrogate for future investigation as a potential dual inhibitor of AChE and BChE.
